Precipitation strengthening is important to improve creep strength of heat resisting steels at elevated temperatures. Especially, in the high-Cr ferritic steels recently developed for Ultra Super Critical Power Plants, precipitation behavior is complicated and should be clarified because the correlation between various strengthening factors are still not well understood. In this study, we focus on the change in precipitation behavior of MX type carbonitrides in model steels with different heat treatment conditions.
Introduction
It is well known that short-term creep properties of low alloy steels such as 2.25%Cr-1%Mo are strongly dependent on the initial microstructure, which is controlled by preheat treatments. 1) However, long-term creep strengths of the steels with different initial microstructures such as martensite, baninitic ferrite and polygonal ferrite finally reach to the same level because those microstructures are completely recovered after prolonged exposure at elevated temperatures.
2) It is considered that controlling initial microstructure with changing normalizing condition has not given a noteworthy result for improving the long-term creep properties of low alloy steels. This fact has been seen in the recent studies of 2.25%Cr-1%Mo steels 2) and low C-2.25%Cr-1.6%W-Nb, V steels.
3) Contrary, typical tempered martensite can be obtained even with air cooling from normalization in high Cr (9-12 %) steels and the creep properties of these steels are thought to be insensitive to heat treatment before tempering. Normalizing condition is usually determined from the standpoint of the sufficient solution treatment, suppressing d-ferrite formation and getting appropriate austenite grain size, around 50-100 mmf. On the other hand, precipitation of MX is thought to be very sensitive to processing condition including heat treatments because of its small volume fraction especially in high-Cr ferritic steels. It is, therefore, essential to clarify the effect of initial heat treatment on the precipitation behavior of MX.
MX-type carbonitride such as (V, Nb)(C, N) is considered very useful for long-term creep resistance of the advanced ferritic steels at elevated temperatures over 873 K. Many works have already been done to derive the optimum composition of V and Nb in 12Cr-2Mo steels, and the optimum C/N balance in 10Cr steels to achieve high creep rupture strength. 4, 5) Recently, it has been pointed out that an effective solid solution of nitrogen is important to determine the contribution of VN to the creep rupture strength.
6) It is, however, noted that there is no intensive study about the effect of cooling rate from normalization temperature on creep properties in the practical high-Cr ferritic steels because its creep behavior is thought to be insensitive to initial microstructure. In this study, we compare the precipitation behavior of MX-type carbonitride and M 23 C 6 at tempered stages between two different heat treatments using simple model steels with different C/N-balance, and then clarify that the fine distribution of MX is important to improve the creep resistance of the high-Cr ferritic steels.
Experimental Procedure
Model steels, 0.08C-9Cr-3.3W-3Co-0.2V-0.05Nb-0.05N, with different C/N-balance were vacuum induction melted and hot-processed to 16 mm square bars. Table 1 gives chemical compositions of the model steels used in this study. These were normalized for 0.5 h at 1 373 K followed by air-cooling and tempered for 4 h at 1 043 K as NT specimens. In addition to these usual specimens, some coupons were prepared as QT specimens. They were normalized for 0.5 h at 1 373-1 473 K followed by water quenching down to just above Ms temperature, ϳ693 K, and tempered. The creep testing was conducted at 923 K with 120 MPa using single-lever testing machines. Precipitation behavior was studied by quantitative chemical analysis of extracted residue, assuming simple stoichiometric compositions of MX and M 23 C 6 . Morphology of fine MX was investigated by a Transmission Electron Microscope (TEM). Elemental analysis of each MX-type carbonitride was conducted by Energy Dispersive X-ray Spectroscopy (EDXS), and an Electron Energy Loss Spectroscopy (EELS). Specimens for TEM observation were prepared by an extraction replica method with an evaporated Al film. Usual thin film specimens were also prepared by a twin-jet type electro-chemical polishing technique using a solution of 10 % perchloric acid methanol. The distribution of M 23 C 6 was studied by a Scanning Electron Microscope (SEM) at 7 kV acceleration voltage.
Results

Creep Properties
Figures 1(a) and 1(b) show change in creep strain and creep rate with respect to testing time at 923 K of steels A and C. Open symbols correspond to NT specimens and solid ones correspond to QT specimens, respectively. It is clear that the creep resistance of steel C is inferior to that of steel A. This is originated from the total amount of MX as reported in a previous research. 7) There is an important difference between NT and QT specimens as shown in Fig.  1(b) . Attainable minimum creep rates are smaller in QT specimens than those in NT ones. As a result, the time to rupture of QT specimen is almost twice as long as NT one both for steels A and C. This tendency is also confirmed in steel B which is very similar to that of steel A. It is noticed that changes in creep rate at transient region are almost same between NT and QT specimens, but the resultant minimum creep rates are always smaller in the QT than in NT procedures.
Quantitative Analysis of Precipitates
In order to investigate the difference in the precipitation behavior between NT and QT specimens, quantitative analysis of extracted residues was conducted. Two different types of extracted residues were prepared for the inductively coupled plasma (ICP) analysis of metallic elements to distinguish carbide from nitride. For stable nitrides such as NbN and VN, the extracted residue obtained using a 10%Br-methanol solution was applied. Extracted residue using a solution of 10 % acetylacetone was also prepared for total quantitative analysis of carbides and nitrides. By assuming a simple stoichiometric composition such as MN or MC and no substitution of Nb and V into M 23 C 6 at tempering stage, absolute mass fractions and their chemical balance in MX and M 23 C 6 were derived from comparing quantitative results between two different residues. Figure  2 shows the change in mass fraction of Cr, Fe and W between NT and QT specimens for the steels with different C/N. These metallic elements almost correspond to the M 23 C 6 former because Laves phase generally never precipitates at this tempering condition in these steels. In fact, compositional balance in Fig. 2 is consistent with the expected values obtained by Thermo-Calc at 1 043 K. Amount Table 1 . Chemical compositions of the steels used (mass%). of precipitation of M 23 C 6 is slightly increased by carbon contents of the steels. It is clear that precipitation of M 23 C 6 in QT specimens is suppressed comparing to that of NT one among steels. Figure 3 shows the similar result of quantitative analysis of metallic elements for MX type carbonitrides between NT and QT specimens. In this analysis, small amount of W and Cr in MX that is expected by Thermo-Calc is neglected. Quantitative values of Nb and V in the extracted residue are considered from the stable MN type nitrides for the solution of 10%Br-methanol and from the sum of MN and MC type carbonitrides for 10 % acetylacetone, respectively. It is clear that precipitation of MX is increased and its averaged composition is changed from carbide to nitride corresponding to nitrogen content of the steels in NT specimens. It is also indicated that Nb in solution is completely exhausted during tempering. This tendency is also seen in the QT specimens, although amount of MX is slightly increased in QT steels rather than that in NT. The important point is amount of V in MX tends to increase as VC in all QT steels. Generally, there are three different types of MX, insoluble, complex and secondary type, in the usual NT specimens with high nitrogen content caused by precipitation kinetics, and then its chemical composition represented in Fig. 3 is the one averaged. On the other hand, chemical compositions of MX may be unique for each in the QT specimens because insoluble or complex type of MX is suppressed in these steels.
Dispersion of M 23 C 6
Figures 4(a) and 4(b) are SEM micrographs which represent the distribution of precipitation for QT and NT specimens of steel B, respectively. At this stage, Laves phase has not yet appeared and MX type carbonitride is too small to detect for the magnification used. It can be concluded that dispersed particles are almost corresponding to the M 23 C 6 . The field of view that has a triple point of prior austenite grain boundary at center is selected for avoiding nonuniformity of distribution. Although the total volume fraction of M 23 C 6 is decreased in the QT specimens rather than that of NT as indicated from Fig. 2 , its averaged size of particles tends to be slightly larger. This feature is almost same in other steels. Figure 5 shows the change in averaged size of precipitation, which is derived from image processing using SEM micrographs. It is clear that the difference in size between NT and QT specimens is large in the lower carbon steels.
Morphology of MX
MX type carbonitrides generally precipitate homogeneously and coherently within grain during tempering and creep deformation. Its stability at elevated temperatures over 873 K is thought to be higher than other precipitates such as M 23 C 6 , and then it is believed that fine distribution of MX is quite important to keep long-term creep resistance. On the other hand, the effect of MX is still unclear because its volume fraction is intrinsically small, typically less than 0.05 vol% in the advanced steels. It is, therefore, also important to conduct the normalization at high enough temperature in order to reduce insoluble MX. However, it is usually difficult to prevent the quick formation of Nb(C, N) during cooling from normalizing temperature. Figures 6(a) , 6(b) and 6(c) are typical images of Nb(C, N) observed in the air-cooled specimens. These types of MX become preferential sites for a complex type of MX as reported before. 7) This MX represents a spherical or cuboidal feature with a size less than 50 nm in diameter. Figure 6 (d) shows a typical EELS spectrum obtained from such type of MX. Although very small peak of N-K is detected in the spectrum, main components are Nb and C. A peak of O-K is from oxidized Al film. Figure 6 (e) exemplifies an electron diffraction pattern of this MX with surrounding Al replica film. A net pattern of [110] MX direction is found as indicated some arrows. By using a d-value of (111) Al for calibration, a lattice constant of this MX is estimated, aϭ4.41 Å, and this value is close to that of standard NbC (aϭ4.47 Å).
It may be insoluble MX typically observed in boron added steels as pointed out by Azuma.
8) Its frequency becomes low in the quenched specimen in this study.
In the usual NT specimens, co-precipitation such as Nb(C, N)-VN is easily occurred in the steel with high nitrogen. In contrast, morphology of MX is slightly changed in the case of QT specimen. The frequency of distinct co-precipitation of MX after tempering seems to be decreased in the observation of the quenched steels A and B. MX type carbonitrides are frequently observed at the sub-boundary and its feature is no more specific one as V-wing as shown in Fig. 7. 
Discussion
Precipitation Kinetics
The change in quantitative values of metallic elements from the extracted residue indicates that precipitation of M 23 C 6 is retarded and MX in particular, VC is increased in QT specimens. This tendency can be understood by considering precipitation kinetics as follows. Firstly, Nutting reviewed that M 23 C 6 formed by the transformation from a semi-equilibrium phase such as M 3 C or M 7 C 3 in low alloy steels. 9) In fact, it is also confirmed the existence of fine (Fe, Cr) 3 C in the lath with a specific orientation in the steels after air-cooling from normalization. Transformation from (Fe, Cr) 3 C to M 23 C 6 at tempering stage is mainly controlled by concentration of metallic elements such as Cr and W in the case of the present steels, and then it is supposed that formation of M 23 C 6 is quickly occurred because diffusion of Cr and W is accelerated by the exposure at high temperature region during air-cooling. On the other hand, Cr and W are thought to remain in solution uniformly in the quenched specimen and it may take longer time to precipitate M 23 C 6 with an equilibrium composition at tempering.
Secondary, fine Nb(C, N) quickly precipitates during air-cooling and enhances formation of lager MX such as Nb(C,N)-VN in NT specimens. In contrast, secondary precipitation of VN at tempering stage is reduced in the QT specimens because quick formation of Nb(C, N) during cooling is effectively suppressed. In other words, the composition of MX in the QT specimens ideally becomes unique, which corresponds to the result of thermodynamical calculation. It is also noted that, although the precipitation of MX competes with that of M 23 C 6 at tempering, the fraction of MX as VC is increased in the QT specimens which may be due to retarding formation of M 23 C 6 caused by a low diffusion rate of metallic element such as W described above.
Effect of M 23 C 6 on Creep Properties
It is considered that M 23 C 6 contributes to the creep strengthening as effective obstacles against moving of various boundaries during a transient and an accelerating creep region because its preferential precipitation sites are prioraustenite grain boundaries, packet or block boundaries and lath boundaries. 10) Although controlling of precipitation of M 23 C 6 has not been widely used to improve creep properties of the steels for boiler tube materials, it has been reported that double tempering process is one of the candidates to control precipitation including M 23 C 6 .
11) In double tempering procedure, firstly finer distribution of precipitation within lath and on various boundaries will indeed occur by low temperature annealing after normalization. Although this low temperature annealing is very effective to decrease minimum creep rate in the transient creep region but the creep deformation is accelerated rather than usual NT specimens because unstable boundaries with insufficient precipitation become preferable initiation site for heterogeneous creep deformation in the tertiary creep region. In order to stabilize various boundaries uniformly, post tempering at higher temperature is needed.
It has been confirmed that conducting the above double tempering increases a value of strain which gives a minimum creep rate comparing to a normal single tempered steel. In fact, larger value of rupture elongation can be obtained by using double tempering procedure.
In contrast to this phenomenon, it is supposed that the effect of M 23 C 6 on creep properties is small by itself because its distribution is no longer remarkably different between QT and NT specimens with single tempering at elevated temperatures in this study. Although its precipitation is slightly suppressed in QT steels indicated by changes in total volume as described in Sec. 3.3., it is expected that small change in precipitation behavior of M 23 C 6 never directly affect on the creep resistance in the transient creep region. It is considered that precipitation of M 23 C 6 does not reach to the equilibrium in the QT specimen. This results in the increase of solute carbon spent for MX formation at tempering.
Effect of MX on Creep Properties
The creep properties are definitely improved in all the QT specimens of model steels with different C/N-balance as shown in Fig. 1 . There is similar increase in absolute quantity of MX in QT specimens rather than NT one even in the lowest nitrogen steel in which effect of MX on creep properties is not expected. In addition, this increase is clearly due to MX as VC shown in Fig. 3 . Strictly speaking, QT specimens with higher nitrogen, A and B, have been normalized at higher temperature than NT ones, this probably resulting in increasing effective fine MX due to reduction in insoluble MX. However, it is clear that contribution of VC to total MX is almost same even in the QT specimen of steel C which is normalized at the exactly same temperature of the NT specimen. This means that compositional and quantitative change in MX precipitation in the QT specimens must be attributed to rapid cooling after normalization. Increase in MX precipitation in the QT specimens comparing NT ones are calculated about 5, 14 and 25 % from Fig. 3 corresponding to the carbon contents of the steels. This fact is quite important point by considering its intrinsically small volume fraction of MX in high strength steels. In addition, complex type of MX is never observed in the QT specimens even in the higher nitrogen steels as shown in Fig. 7 . Absolute quantity and finer distribution density of MX are also increased in the QT specimens and therefore their creep properties are improved than NT ones. Figure 8 shows the difference in creep rate-creep strain curves between NT and QT specimens for steels A and C. Steel B represents almost the same feature of that of steel A. The values of strain at which minimum creep rates are attainable becomes smaller in the QT specimens than in NT ones for both steels A and C. This means that initial fine distribution of MX within matrix is effective for retarding recovering process in transient creep region in the QT specimens.
Conclusion
Correlation between precipitation behavior in the steels and their creep properties have been clarified as follows by studying effect of cooling condition from normalization in high Cr ferritic model steels.
(1) Creep properties of the QT specimens are found to be superior to those of NT ones at the creep condition of 923 K/120 MPa. This improvement is common among model steels with different C/N-balance.
(2) Absolute quantity of precipitation of M 23 C 6 slightly decrease in the QT specimens comparing those of NT ones. It is hard to say there is remarkable difference in the distribution of precipitation of M 23 C 6 within SEM observation in this study between NT and QT specimens.
(3) There are difference in quantity of precipitation and its composition of MX between two different cooling procedure of the model steels. Although increase of MX in the QT specimens seems small, its metallic composition becomes constant because there is few obvious insoluble or complex MX as observed in NT specimens. Furthermore, frequency of MX seems high at sub-boundaries in the QT specimens rather than NT ones.
(4) It is supposed that higher fraction of VC as MX in the QT specimens is resulted from higher solute carbon followed by retarding of precipitation of M 23 C 6 at same tempering condition of NT ones.
(5) It is considered that creep properties are strongly dependent on the initial precipitation behavior of MX and rapid cooling from normalization temperature as conducted in this study is one way to obtain an ideal fine distribution of MX. The key point of better distribution of MX that can be obtained in the QT specimens is suppressing the complex type of MX and accelerating precipitation of MX as VC.
